The Philippine Sea (PHS) slab is severely deformed beneath central Japan, but it is subject to little deformation before the subduction along the Nankai Trough. Thus, it is considered that the currently observed deformation of the PHS slab has been formed only after the subduction along the Nankai Trough. This study estimates the contraction rate of the PHS slab along segments roughly parallel to the Nankai Trough, assuming that the configuration of the PHS slab is stationary in time in the coordinate system fixed to the overriding plate. Results show that the contraction rate is small beneath most parts of Shikoku (≤ 0.3 mm/year) and the offshore fore-arc (≤ 0.6 mm/year), while it increases from the Pacific coastal region (3-6 mm/year) to the inland region (approximately 20 mm/year) beneath central Japan. Considering various error sources, the strain rate is estimated to be about 4-7 × 10 −8 /year beneath the inland region of central Japan, although it could be reduced by about 20% if the PHS slab has a tear beneath the Kii Strait. Due to the geographical concordance of the deformation between the PHS slab and the upper crust above the slab, the contraction rate of the PHS slab could be used as a proxy to provide an independent estimate of the crustal deformation rate of central Japan over the long term, which is slower than the geodetic estimate while faster than the geologic one.
Introduction
Geodetic data (Hashimoto 1990; Sagiya et al. 2000; Heki and Miyazaki 2001) , seismological data (Townend and Zoback 2006; Terakawa and Matsu'ura 2010) , and geological and geomorphological data (Huzita 1980 ; Research Group for Active Faults of Japan 1991) have consistently shown that most parts of the Japanese islands are currently situated under an east-west (E-W) compression stress field. However, it is not easy to quantitatively estimate the contraction rate of the Japanese islands over the long term, although this parameter is fundamental to understand the tectonics of Japan.
GNSS (Global Navigation Satellite System) data provide accurate estimates of the E-W contraction rate, but the observation period is less than a few decades (e.g., Sagiya 2004) . Traditional triangulation and trilateration data cover more than a century, though they are not as accurate as GNSS data. However, it is still unclear whether the observed deformation rates can be extrapolated to a geological time scale. For example, large E-W extension has been observed in Honshu island after the 2011 Tohoku-Oki earthquake (e.g., Ozawa et al. 2012) . Therefore, the geodetically observed E-W contraction rates before the Tohoku-Oki earthquake are likely overestimated.
From seismic moment release rates due to historical large inland earthquakes, Wesnousky et al. (1982) estimated the E-W contraction rate of Honshu and Shikoku islands for the last 400 years. However, 400 years may still be too short to accurately estimate the contraction rates considering that the recurrence intervals of large inland earthquakes are much longer than several hundred years, which might be even longer than thousands of years. It is also possible to estimate the contraction rate from slip rates on active faults (Wesnousky et al. 1982; Kaizuka and Imaizumi 1984) . However, large inland earthquakes have often happened on faults that were previously not identified as active faults, as in the cases of the 2000 Western Tottori earthquake (Asano and Hasegawa 2004) and the 2008 Iwate-Miyagi Nairiku earthquake (Takada et al. 2009; Toda et al. 2010 ). In addition, the effect of inelastic deformation, such as folding, was not taken into account in their estimates. Thus, the estimated contraction rates could be significantly underestimated. In northeastern Japan, an attempt was made to estimate horizontal shortening ratios from geological cross sections (Sato 1989) , but the method cannot be applied to central and western Japan because strike-slip faults are dominant rather than reverse faults.
By the way, slabs usually descend into the mantle with minimal deformation, as indicated by iso-depth contours that are nearly parallel to the trench in most subduction zones (e.g., Hayes et al. 2012) . In fact, the iso-depth contours in and around Japan are nearly parallel to the trenches along the Kuril, northeastern Japan, Izu-Bonin, and Ryukyu arcs (e.g., Hashimoto et al. 2004; Nakajima et al. 2009; Hasegawa et al. 2010) . With respect to elastic energy, it is also reasonable that slabs should undergo minimal deformation, because slabs are more or less elastic at depth.
Among many slabs of all over the world, however, the Philippine Sea (PHS) slab is an exception. The complicated configuration of the PHS slab beneath central Japan ( Fig. 1 ; Hashimoto et al. 2004) suggests that this portion of the slab has experienced significant deformation. In some subduction zones, such as in southern Mexico (e.g., Pardo and Suárez 1995) and Peru (e.g., Gutscher et al. 2000) , the dip angle of the slabs does not increase monotonously but flattens at intermediate depths. However, a slab that is subject to large horizontal deformation is very rare. The reason for the horizontal deformation of the PHS slab is unknown, but the E-W compression applied to the Japanese islands is a likely cause of it, because large E-W contraction is needed to realize the present configuration of the PHS slab.
As shown in Fig. 1 , the PHS slab severely deforms beneath central Japan, while there is much less deformation beneath western Japan, where the iso-depth contours are subparallel to the Nankai Trough (in this study, the boundary between central Japan and western Japan is taken along the Kii strait and its northern extension; Fig. 1 ). Such characteristics correspond well to crustal deformation inferred from geological, seismological, and geodetic data; the density of active faults (Research group for active faults of Japan 1991) and the number of historical large earthquakes (Utsu 1990 (Utsu , 2004 , the later updates are added by the International Institute of Seismology and Earthquake Engineering; Matsu'ura 2017) are much larger in central Japan than in western Japan (Fig. 1) , and geodetically observed E-W contraction rates are also significantly faster in central Japan (Sagiya et al. 2000) . We also observe that the deformation of the PHS slab is smaller beneath the Pacific coastal region than beneath the inland region of central Japan (Fig. 1 ). This feature is also consistent with the crustal deformation inferred from geological and seismological data.
If the crustal deformation is well correlated with the deformation of the slab beneath the crust, it is possible to quantitatively estimate the contraction rate of the crust using that of the slab. The advantage of this method lies in the simplicity of the initial configuration of the slab. Continental crusts generally have a very long history, and it is thus difficult to extract deformation information that occurred only in the recent few million years. On the other hand, oceanic plates experience almost no horizontal deformation prior to subduction. Therefore, we can consider that the currently observed deformation of the PHS slab has been formed only after subduction along the Nankai Trough.
In the following of this paper, the configuration of the PHS slab and the convergence rate between the PHS plate and the Honshu arc are first reviewed, and the contraction rate of the PHS slab is then estimated. As mentioned above, the estimated contraction rate could be used as a proxy for the contraction rate of central and western Japan.
Configuration of the Philippine Sea slab
Estimating the configuration of the upper surface of the subducting slab beneath central and western Japan has been more difficult than in other areas of Japan (e.g., Utsu 1974) , because comparatively fewer interplate and intraslab earthquakes have occurred in these areas and the PHS slab has a complicated geometry. However, slab configuration models have been proposed by many researchers in the past few decades (e.g., Mizoue et al. 1983; Nakamura et al. 1997; Ishikawa 2001) . From the hypocenter distribution of earthquakes, Hashimoto et al. (2004) constructed a 3-D plate interface model in and around Japan (Figs. 1 and 2a) , using a technique of Bayes inversion with a smoothness constraint (Yabuki and Matsu'ura 1992) ; the model is called the CAMP (Crustal Activity Modeling Program) model, and it expresses the plate configuration as a superposition of a finite number of smooth basis functions. From receiver function analysis, Shiomi et al. (2008) and Ueno et al. (2008) depicted the configuration of the oceanic Moho within the PHS slab beneath central and western Japan. From the seismic velocity structure obtained by double-difference tomography, Hirose et al. (2007 Hirose et al. ( , 2008a ) proposed a configuration model of the PHS slab (Fig. 3a) , also referring to results of seismic reflection and refraction surveys for shallower regions and another tomographic study for deeper regions ; this plate configuration model is referred to as the Hirose model in this study.
Although the details of these proposed plate configuration models are different, they consistently show that the PHS slab is heavily deformed with a folded structure. The topography of the PHS slab has a valley beneath the western Kii Peninsula (KP in Fig. 1 ), where the dip angle of the slab is steeper than the adjacent areas, and has a ridge beneath the region between the Ise Bay and the Tsuruga Bay, where the dip angle is shallower. On the other hand, the deformation of the PHS slab is limited beneath Shikoku and the offshore fore-arc (i.e., between the Nankai Trough and the Pacific coast line), where the contours of the PHS slab are subparallel to the trench. We can also notice that the deformation of the PHS slab beneath central Japan increases from south to north.
Some studies have proposed the existence of a tear beneath the Kii Strait, on the basis of seismicity data (Ishikawa 2001; Cummins et al. 2002) , a receiver function analysis (Ueno et al. 2008) , and the distribution of deep tremors . The location of this hypothetical tear roughly corresponds to the extinct spreading ridge of a marginal basin (Shikoku Basin) in the PHS plate (Okino 1994) . Because the extinct spreading ridge is considered mechanically weak, Ide et al. (2010) claimed that the tear had been formed by an abrupt change in subduction direction a few million years ago, although it is still unclear whether the tear exists or not.
The strike of the Nankai Trough sharply bends to the north around the Izu Peninsula (Fig. 1) . This peculiar form of the plate boundary is ascribed to the collision of the Izu arc with the Honshu arc (Sugimura 1972; Matsuda 1978) ; the continental crust of the Izu arc on the PHS plate has intruded into the Honshu arc. A similar indentation structure is observed for the collision between the Indian continent and the Eurasian plate (Tapponnier and Molnar 1976; Takada and Matsu'ura 2004) . Such an indentation structure develops with progressing convergent plate motion, because buoyant continental crust, which cannot subduct deep into the mantle, continues to move on the Earth's surface following the plate motion. Thus, the geometry of the plate boundary around the Izu Peninsula has rapidly changed on a geological time scale. The degree of indentation of the Izu block would be smaller in the recent past, for example, Imanaga (1999) considered the Izu block had no indentation at 2 Ma in the study of depositional sequences, although the situation may be more complicated because multiple collisions have occurred in this area (e.g., Amano 1991). Plate convergence between the Philippine Sea plate and the Honshu arc
The PHS slab moves relative to the Honshu arc. Therefore, prior to estimating the contraction rate of the PHS slab, it is necessary to consider this relative motion. However, it has been difficult to estimate the motion of the PHS plate, because it has neither hotspot tracks nor long spreading ridges. Using slip vectors of large interplate earthquakes along the PHS plate boundary and the constraints of the motion with the Pacific and Caroline plates, Seno et al. (1993) estimated the motion of the PHS plate relative to a b c Fig. 2 a Locations of lines used to measure contraction amounts. Blue, green, red, and purple lines on the PHS slab were situated along the Nankai Trough shown by the thick gray line at 3, 4, 5, and 6 Ma, respectively, under the assumption of plate motion (see text). Each colored line has a tick every 100 km. Contour lines of the PHS slab of the CAMP model (Hashimoto et al. 2004 ) are drawn every 10 km with thin solid lines. The depth data of the CAMP model are extrapolated to the region without data by the "surface" command of GMT, the contours of which are drawn by broken lines. Thick solid lines represent the plate boundaries after Bird (2003) . The zone bounded by the dot-and-dash lines is the area that is possibly affected by the tear of the PHS slab, in which the depth contours could be significantly altered. b Depth profile of the PHS slab along each colored line. In the region without depth data, the depth profile follows the extrapolation (broken line). The zone bounded by the dot-and-dash lines shows the area that is possibly affected by the tear of the PHS slab. c Contraction amount of the PHS slab along each colored line as a function of the distance from the western end. In the region without depth data, extrapolated data are used to calculate the contraction amount, which is shown by the broken line Fukahata Progress in Earth and Planetary Science (2019) 6:4
the Eurasian plate as 40-45 mm/year toward NW (about N 50°W). However, western Japan is considered to belong to the Amurian plate, not to the Eurasian plate. From GNSS data, Heki et al. (1999) showed that the Amurian plate moves eastward relative to the Eurasian plate at a rate of about 10 mm/year. On the other hand, Heki and Miyazaki (2001) showed that the Amurian plate converges to the North American (NA) plate in E-W direction as fast as 20 mm/year, which means that the NA plate moves westward at a rate of about 10 mm/year relative to the Eurasian plate. Hence, if central Japan converges to the NA plate at a rate of about 10 mm/year, then there is almost no relative motion between central Japan and the Eurasian plate. It is thus considered that the estimate of Seno et al. (1993) may be feasible as a convergence rate between the PHS plate and central Japan, even though the Amurian plate is not taken into account in their model. Using GNSS data, Sella et al. (2002) determined the relative plate motion between the PHS plate and Amurian plate to be 60-70 mm/year toward WNW. This estimate is significantly faster and more westerly than that of Seno et al. (1993) , even if the motion of the Amurian plate is considered. Hashima et al. (2016) few islands on the stable part of the PHS plate, short-term fluctuations may be included in the observed GNSS data. Therefore, the plate motion model of Seno et al. (1993) is used as the current velocity in the following analysis. At present, the PHS plate subducts to the NW along the Nankai Trough. However, it has been widely considered that the PHS plate moved to the NNW in the late Miocene, from surface geology and paleomagnetic data (Matsuda 1978; Seno and Maruyama 1984; Takahashi 2006) . Striations of tremor activity beneath Shikoku also suggest that the PHS plate moved toward the NNW in the past (Ide 2010) . On the other hand, there is disagreement on the timing of the plate motion change, which ranges from 10 to 4 Ma (Seno and Maruyama 1984) to 1.0-0.5 Ma (Hashima et al. 2016) . Nevertheless, it would be reasonable to consider that the change occurred between 4 and 2 Ma , because the present mode of tectonics of the Japanese arc system began at around that time (e.g., Chinzei and Koaze 1995; Taira 2001; Doke et al. 2012; Otsubo and Miyakawa 2016) . In the following analysis, it is assumed that the change in the PHS plate motion from NNW to NW occurred at 3 Ma; this corresponds to the timing of the plate motion change adopted by Takahashi (2006 Takahashi ( , 2017 , which is based on the timing of the Kurotaki Unconformity.
The convergence rate before the change in motion has also not been clarified yet. For example, Seno and Maruyama (1984) estimated it as 60 mm/year based on the paleogeographic reconstruction of the PHS plate, while Takahashi (2006) estimated it as about 30 mm/ year based on the assumption that the tip of the PHS slab that began to subduct at 15 Ma now reaches beneath the volcanic front in southwestern Japan. In short, there are not enough available data to constrain the convergence rate. Therefore, for simplicity, it is assumed in the following analysis that the plate convergence rate has not significantly changed in the recent several million years.
Methods and results
In this section, contraction rates of the PHS slab are estimated from the slab configuration models (the CAMP model (Fig. 2a ) and the Hirose model (Fig. 3a) ). First, depth profiles of the PHS slab along segments roughly parallel to the Nankai trough are taken (Figs. 2b  and 3b ). Once the depth profiles are obtained, we can estimate the contraction amount of them (Figs. 2c and  3c ), because the depth profiles are considered to be flat prior to subduction. Figure 4 schematically shows the method to measure the contraction amount of slab from its depth profile. As for the conversion from contraction amount to contraction rate, the plate convergence rates that were reviewed in the previous section are used.
Depth profiles of the PHS slab
We only know the present configuration of the PHS slab. In order to estimate its contraction rate, however, we also need to know its past configuration, which has not been clarified yet. Therefore, in this study, spatial change of the contraction amount of the PHS slab is regarded as the temporal change of it. In other words, the configuration of the PHS slab is assumed to be stationary in time on the coordinate system fixed to the overriding plate (the Honshu arc), except for the region around the Izu Peninsula.
I roughly take a segment of the PHS slab along the Nankai Trough as shown by the thick gray line in Fig. 2a , where the effect of the indentation of the trench axis due to the northward motion of the Izu block is retrieved as discussed in the "Configuration of the Philippine Sea slab" section. If the PHS slab subducts without significant deformation, this segment reaches the locations indicated by the blue, green, red, and purple lines for the recent 3, 4, 5, and 6 Ma, respectively. In other words, the segments of the colored lines were situated along the Nankai Trough shown by the thick gray line before 3 to 6 Ma. Here, as mentioned above, the relative motion between the PHS plate and Honshu arc is assumed to follow the estimate by Seno et al. (1993) simplicity, because the distance can be only a few percent shorter, even if the effect of the slab dip is taken into account. As shown in Fig. 2a , the eastern end of the colored lines roughly corresponds to the Itoigawa-Shizuoka tectonic line (ISTL), which is taken as the boundary between the Amurian and NA plates. The western end of them is located in western Shikoku; the PHS slab sharply bends to the west of it, reflecting the change of the strike from the Nankai Trough to the Ryukyu Trench. It is also evident that the part of the PHS slab that subducted in the recent 3 Ma is mostly situated beneath the offshore fore-arc. Contour lines on the upper surface of the PHS slab in the CAMP model are also shown in Fig. 2a by solid lines. However, the purple line passes through a region where the CAMP model does not provide depth data because of the smaller number of earthquakes. Therefore, with the "surface" command of General Mapping Tools (GMT; Wessel and Smith 1998), the CAMP model depth data are extrapolated for this region, as shown by the broken lines. Figure 3a shows the contours of the PHS slab of the Hirose model, in which the results of Hirose et al. (2008b) and Nakajima et al. (2009) are added to the compilation of Hirose et al. (2007 Hirose et al. ( , 2008a . On the homepage of the Hirose Model (Hirose 2018), contour line data are provided every 10 km. Therefore, to obtain the PHS slab depth at arbitrary points, interpolation as well as extrapolation is conducted using the "surface" command of GMT. Contours obtained by the extrapolation are drawn by the broken lines.
The depth profile of the PHS slab along each of the colored lines is shown in Figs. 2b and 3b for the CAMP and Hirose models, respectively, where the distance (horizontal axis) is measured from the western end. The folding structure with a syncline beneath the western Kii Peninsula and an anticline beneath the Ise Bay is evident in the depth profiles. As previously mentioned, depth data are extrapolated for some portions of the colored lines, where the depth profiles are shown by broken lines.
Contraction rate of the PHS slab
Because the depth profiles should be flat prior to subduction, it is possible to estimate the amount of PHS slab contraction using the depth profiles (Figs. 2b and 3b) . A schematic illustration to estimate the contraction amount is shown in Fig. 4 . Specifically, the difference between the length measured along the depth profile curve, L(x), and the distance corresponding to the horizontal axis, x, provides the contraction amount. Figures 2c and 3c show the contraction amount along each colored line as a function of the distance from the western end. It can be seen from these diagrams that almost no contraction has occurred beneath Shikoku and the offshore fore-arc, but contraction has steadily proceeded beneath central Japan.
The contraction amount of each colored line is summarized in Table 1 ; the line numbers 3, 4, 5, and 6 correspond to the blue, green, red, and purple lines, respectively. As mentioned above, these colored lines were situated along the Nankai Trough at 3, 4, 5, and 6 Ma, respectively. In Table 1 , the boundary between Shikoku and central Japan is more specifically taken at 180 km from the western end of the profile. The contraction amount for the purple line of the Hirose model is smaller than that of the green and red lines beneath the Kii Peninsula, and so the amount is apparently unreliable. The extrapolation scheme of the data might not work well for the Hirose model. Apart from that, the two models (CAMP and Hirose) provide similar contraction amounts for each colored line.
The spatial change in the contraction amounts can be obtained by taking the difference between the contraction amounts of two adjacent colored lines. As mentioned above, the spatial difference of each colored line basically corresponds to the difference of 1 Myr in the subduction of the PHS slab. Therefore, the contraction rates of the PHS slab for the recent 1 Myr can be estimated from the spatial change in the contraction amounts. The results are shown in Table 2 . For example, the contraction rate of the zone "4-5" in Table 2 , which represents the contraction rate for the recent 1 Myr in the area between the green and red lines beneath central Japan, is 10.1 mm/year in the CAMP model and 10.6 mm/year in the Hirose model. The contraction rate of central Japan increases from the coastal region (approximately 3-6 mm/year) to the inland region (approximately 20 mm/year). On the other hand, the contraction rates beneath Shikoku are quite small (≤ 0.3 mm/year), except for the northernmost part (approximately 3 mm/year). The contraction rate beneath the offshore fore-arc is also small (≤ 0.6 mm/year in the recent 3 Myr), so these rates are omitted from 
/year).
If the PHS slab has a tear beneath the Kii Strait, as claimed by Ide et al. (2010) , then the estimated contraction amount would be significantly affected, because the contraction amount beneath the Kii strait and the westernmost part of the Kii Peninsula would possibly decrease to zero. In order to quantitatively take this effect into account, the contraction amount between 180 and 240 km in the distance of the horizontal axis of Figs. 2 and 3 is also shown in the right edge column of Table 1 . This would give the upper limit of the effect of the tear on the contraction amount. If the contraction amount between 180 km and 240 km decrease to zero, the contraction rate and the strain rate of central Japan change to the values shown in the parentheses of Table 2 , where the strain rates are obtained by dividing by 290 km instead of 350 km because the length of large deformation also decreases. As shown in Table 2 , a tear in the PHS slab beneath the Kii strait could reduce the strain rate by about 20-40%, leading to the values of 0.5-0.8 × 10
−8 /year beneath the Pacific coastal region and 4.6 × 10 −8 /year in the inland region of central Japan.
Discussion
In the previous section, contraction and strain rates of the PHS slab were estimated, but these estimations contain non-negligible uncertainties.
The largest uncertainty is related to the configuration of the plate models. The CAMP and Hirose models are basically consistent in terms of the contraction amounts (Table 1 ), but they differ up to a few kilometers, which results in the difference of a few mm/year in the contraction rate (Table 2) . Other plate configuration models may provide different contraction amounts. The biggest difficulty is the possibility of tear, which could reduce the strain rate by 20-40%, as previously mentioned.
In this study, differences in the contraction amounts between colored lines were calculated to estimate the contraction rates for the most recent 1 Myr. The spatial differences in the locations of the colored lines in Figs. 2a  and 3a are based on the assumed plate motion before 3 Ma. Therefore, it could be considered more appropriate to use differences in the contraction amounts of segments that are not defined by past plate motion but by present plate motion, because the PHS slab now follows present plate motion. However, this effect on the contraction amount is small (≤ 1 km), because even if the present plate motion is used, each colored line is approximately shifted to the location of the next colored line for 1 Myr (e.g., the blue line approximately moves to the location of the green line), although the strike of the lines is slightly different (less than 1°) and the location of the end points differs by about 20 km. On the other hand, the convergence rate of the PHS plate possibly has a significant effect on the estimate of the contraction rates. As mentioned above, the spatial change in the contraction amount of the PHS slab is regarded as the temporal change of it in this study. Hence, if the plate convergence rate is x times faster than the assumed rate, the estimated contraction rate becomes x times larger. A comparison of Seno et al. (1993) with other plate motion models (e.g., Sella et al. 2002; Kreemer et al. 2003) shows that the plate convergence rate might be more than 10% faster.
The assumed strike of the Nankai Trough, which is simply taken by the straight gray line as shown in Figs. 2a and 3a, also has a non-negligible effect, for example, a few degrees of change in the strike of the gray line can lead to a difference in the contraction amount of a few kilometers. Geometrical effects, caused by deformation of the colored lines on which contraction amounts are measured, also cause estimation errors. For example, as shown in Fig. 4 , the horizontal length of the measured line should be shortened with the progress of contraction, but the same length is taken as the measured line in this study. However, estimation errors due to geometrical effects are relatively small, because they are principally the second order of small amounts.
In summary, the estimation of the contraction amount beneath the inland region of central Japan may include an uncertainty of several kilometers, except for the effect of the tear beneath the Kii Strait. It is not easy to provide a definitive value of this uncertainty, but a value of 20 ± 5 mm/year could be used as a rough estimate for the contraction rate beneath the inland region of central Japan for the most recent 1 Myr. This corresponds to a strain rate of 4-7 × 10 −8 /year. However, if there is a tear beneath the Kii Strait, these estimates could decrease by about 20% (3.5-6 × 10 −8 /year). The uncertainty is not so small as discussed above, but it could be significantly reduced, if the models of plate configuration and plate motion are improved.
It would be meaningful to estimate the contraction rate of the PHS slab from the viewpoint of plate subduction dynamics. As shown in Figs. 1, 2, and 3 , the PHS slab is severely deformed, and thus this subduction zone differs significantly from others. Hence, it would be an important issue to clarify how the deformation of the PHS slab has occurred. However, estimation of the contraction rate of the PHS slab has another important meaning. As mentioned in the Introduction section, the contraction rate of the PHS slab could be used as a proxy for the crustal deformation rate of the overriding plate. The spatial pattern of crustal deformation estimated from historical earthquakes and active fault data (Wesnousky et al. 1982; Kaizuka and Imaizumi 1984; Shen-Tu et al. 1995) is consistent with the results of this study; the strain rate is faster in the inland region of central Japan, while it is slower in the Pacific coastal region and Shikoku. However, the strain rates of their estimates quantitatively differ from the estimate obtained in this study; their estimates for the inland region of central Japan are only around 2-2.5 × 10 −8 /year, which is slower than the estimate of this study.
In contrast, the geodetically estimated strain rates for central Japan are about 1-2 × 10 −7 /year (e.g., Nakane 1973; Hashimoto 1990; Sagiya et al. 2000) , which are faster than the estimate obtained in this study. The large discrepancy between geodetically and geologically estimated strain rates has been pointed out by Kaizuka and Imaizumi (1984) , which provoked Ikeda (1996) to consider the idea of a gigantic interplate earthquake before the occurrence of the 2011 Tohoku-Oki earthquake (Ikeda et al. 2012; Ikeda 2014) . The result of this study certainly suggests that the geodetically estimated strain rate is an overestimation. It is likely that the discrepancy between the geodetic and geological estimates is caused by elastic compressive deformation due to the locking on the plate interface along the Japan Trench, as exemplified by Meneses-Gutierrez and Sagiya (2016) . On the other hand, the result of this study also suggests that important factors have been neglected in geological estimations of strain rates, such as unrecognized active faults and inelastic deformation (Wesnousky et al. 1982; Kaizuka and Imaizumi 1984) .
As previously mentioned, the spatial pattern of crustal deformation is concordant with that of the PHS slab deformation. However, observed focal mechanisms significantly differ from each other; focal mechanisms of E-W compression are dominant in the upper crust (e.g., Townend and Zoback 2006; Terakawa and Matsu'ura 2010) , while those of E-W tension are rather usual in the PHS slab (e.g., Nakamura et al. 1997; Wang et al. 2004; Shiomi et al. 2008 ). This contradiction is apparently enigmatic. However, without large-scale E-W contraction, it would be impossible to make the folded structure of the PHS slab (Figs. 2 and 3) . As demonstrated by Shiomi et al. (2008) , E-W tension earthquakes are likely to be due to the upward bending of the PHS slab. In fact, earthquakes of E-W compression are rather dominant beneath the western Kii Peninsula (Ishikawa 2001; Shiomi et al. 2008) , where the downward bending of the PHS slab occurs.
The cause of large-scale E-W contraction of the PHS slab is unknown, but it is evident that E-W crustal shortening has occurred in Honshu in the recent a few Ma, as exemplified by the movement of active faults and the development of mountain ranges (e.g., Huzita 1980; Research Group for Active Faults of Japan 1991). This means that the distance between the Japan Trench and Kyushu has been shortening. Because the location of the volcanic front around the border of northeastern and central Japan has been nearly stable since the Miocene (Seno and Maruyama 1984) , it is considered that the dip angle of the subducting Pacific Plate has not changed significantly. Hence, the Pacific slab has moved westward relative to Kyushu in the recent a few Ma. The PHS slab that has subducted along the Nankai Trough lies between the Pacific slab and the mantle beneath Kyushu. Therefore, if the PHS slab could have moved westward beneath Kyushu, coinciding with the westward motion of the Pacific slab, the PHS slab would not have heavily deformed. In fact, however, the PHS slab beneath Kyushu has not moved westward (at least significantly) due to some reason (i.e., the PHS slab here is anchored in the mantle), which results in large deformation of the PHS slab. It is likely that the dense PHS slab beneath Kyushu, which is considered to retreat along the Ryukyu Trench resulting in back-arc spreading to the farther south of Kyushu (e.g., Kamata and Kodama 1999) , has resisted to move westward. In brief, it is considered that the westward motion of the Japan Trench and the Pacific slab causes the E-W contraction of both the PHS slab and the overriding plate.
As for the difference in the deformation between the coastal region and the inland region, mechanical coupling seems to play an important role: the effective elastic thickness is thicker in the coastal region because the PHS slab is in contact with the overriding plate, while it is thinner in the inland region because of the existence of the mantle wedge between them. This contrast in elastic thickness is considered to be the cause of much less deformation in the fore-arc region (to the south of the Median Tectonic Line, MTL) than in the inland region. The difference of shortening may also be responsible for the activity of the MTL, because the fore-arc region needs Fukahata Progress in Earth and Planetary Science (2019) 6:4 to move westward as a fore-arc sliver. On the other hand, it is more difficult to explain the cause of the difference of the deformation between central and western Japan. Possibly, water supplied from the deep descending Pacific slab beneath central Japan (Nakamura et al. 2008 ) may play an important role, because water can efficiently weaken the mechanical strength of both the PHS slab and the overriding plate (e.g., Iio et al. 2002) . But it would be a future work to clarify this problem.
Conclusions
In this study, the contraction rate of the PHS slab is estimated from the plate configuration models (the CAMP and Hirose models), assuming that the configuration of the PHS slab is stationary in time in the coordinate system fixed to the overriding plate (Honshu arc). The advantage of this method consists in the simplicity of the initial configuration of the slab, that is, it is considered that the currently observed deformation of the PHS slab has been formed only after the subduction along the Nankai Trough. The estimated contraction rate is small beneath Shikoku (≤ 0.3 mm/year) and the offshore fore-arc (≤ 0.6 mm/year), except for the northernmost part of Shikoku (approximately 3 mm/year). On the other hand, it increases beneath central Japan from south to north; it is 3-6 mm/year in the Pacific coastal region and reaches 20 ± 5 mm/year in the inland region, which is equivalent to the strain rate of 4-7 × 10 −8 /year. However, the strain rate beneath the inland region of central Japan could be reduced by about 20% (3.5-6 × 10 −8 /year), if the PHS slab has a tear beneath the Kii Strait. Because the spatial pattern of the deformation of the PHS slab corresponds well with that of the upper crust, the estimated value could be used as a proxy for crustal deformation rates, thus providing an independent estimate of the crustal deformation rate in central Japan over the long term. The estimated value, which is slower than the geodetic estimate while faster than the geologic one, could compromise the large discrepancy (about one order) between the strain rates estimated by the geodetic and the geologic methods. 
